rather than from selection of toxigenic mutants. This conclusion was supported and strengthened by the work of Barksdale and Pappenheimer (1954) in their study of the same phage-host system. It has been proposed as a working hypothesis (Groman, 1953a ) that conversion to toxigenicity is a direct consequence of the establishment of the lysogenic state. This proposal was based primarily on the one-to-one relationship existing between toxigenicity and lysogenicity under all conditions including those in which selection by phage was inoperative. This fact, together with the stability of the converting principle in the presence of desoxyribonuclease (Groman, 1953b) , made it appear unlikely that a single principle acting independently of phage was involved in the conversion process. In the present work additional observations bearing on the conversion process are presented, and possible mechanisms for the phenomenon are examined in the light of these data.
MATERIALS AND METHODS
Terminology for strains of bacteria and bactriophage. Because May, 1954. 'The terms "conversion" and "conversion to toxigenicity" will be used synonymously.
publications dealing with the converting systems, it seems desirable at this time to establish a uniform nomenclature with respect to the bacterial and bacteriophage strains. The conformity of the Barksdale and Pappenheimer nomenclature (1954) with current usage, as well as its brevity, makes it the system of choice. Designations already in the literature for identical cultures and those proposed for newly isolated strains are given in table 1.
In the work to be presented temperate phage S, virulent mutant B, and the strongly virulent mutant Bh, which is able to lyse C4(,B) as well as C4, were used. Bacterial strains C4, C7, C4(B), 411, and a newly isolated, resistant mutant, C7/g3, were employed.
Techniques and media. Difco heart infusion medium was used for all phage manipulations. The proportions of material in the overlay medium as previously described (Groman and Lockart, 1953) were slightly modified in order to obtain better visualization of the turbid plaques formed by, phage. Overlay consisted of 2.5 ml of heat infusion agar (0.7 per cent), 1 ml of phage sample, and 0.15 ml of the indicator strain at a concentration of approximately 5 X 108 bacteria per ml.
it is now known that the conditions previously defined for plaque counting (Groman and Lockart, 1953) were evaluated with the B phage. Failure to recognize this phage as a virulent mutant of , was due to the fact that B also produces turbid plaques on indicator strain C4. The distinction between clear B plaques and turbid g3 plaques is revealed when C7 is used as the indicator strain. However, in the present study C4 was used exclusively as indicator.
Test methods and media for determining lysogenicity, phage sensitivity, and toxigenicity have been described (Groman, 1953a) . In testing for lysogenicity a streptomycin resistant C4 strain was used as the indicator strain (Bertani, Freeman, 1951 A.6
Parsons and Frobisher, 1951 * Nomenclature of Barksdale and Pappenheimer (1954) . t The possible identity or relationship of these bacterial strains to C4 and C7 is suggested by Freeman's work (1951) . No serological evidence is as yet available to determine the relationship between phages A and ft. It is proposed that designation of these cultures be postponed.
1951), thus avoiding the need for centrifugation of samples prior to testing. Streptomycin was incorporated into the indicator mixture at a concentration of 250 mg per liter. It has been found that streptomycin resistant strains of C4 retain their sensitivity to conversion by , phage.
Strain C4(jp) made resistant to streptomycin retains its toxigenic and lysogenic properties.
RESULTS
The relationship between the plaque forming particle and the ability to convert to toxigenicity.
Consideration was given to the possibility that a transducing mechanism similar to that described by Zinder and Lederberg for Salmonella (1952) was functioning in the C. diphtheriae system. The crucial features of Salmonella transduction are (1) the low frequency of transduction of a given trait relative to the phage concentration (ca 1 transduction per 107 phage particles), and (2) the passive carrier role of phage as indicated by separability of transductive and infective functions.
Evidence has been presented which indicates that in the C. diphtheriae system there is a high ratio of conversion relative to phage concentration (Groman, 1953a) , and that converting ability is independent of the genome of the phagepropagating strain (Barksdale and Pappenheimer, 1954) . However, precise data were lacking in the first case, as was conclusive evidence for the origin of converting phage in nontoxigenic celLs in the second. In both instances the broth system which was used fell short of the experimental ideal. The complications of the broth system were avoided by using a solid, plaque count system for the passage of , phage on nontoxigenic strain C4. Preliminary experiments established the fact that spontaneous phage production by C4 (08) failed to produce a visible plaque when these cells were seeded in a C4 containing overlay. Establishment of the lysogenic state precludes plaque formation. Consequently, when C4 is exposed to B phage the plaques which appear and the phage therein must result primarily from lysis of nontoxigenic organisms. With the agar system the presence or absence of converting ability in each plaque forming particle can be asayed following passage on a nontoxigenic strain and the quantitative and qualitative relationship of phage to converting ability established.
The supernatant of a culture of C4 (0) The results of this experiment provide convincing evidence that there are quantitative and qualitative differences between the Salmonella and C. diphtheriae phenomena. In the C. diphtheriae system every plaque forming particle is endowed with the potential ability to confer toxigenicity on C4. Although the diluting effect of successive single plaque isolations provided adequate opportunity for separation of phage infectivity and converting ability, this did not occur. Converting ability of # phage appears inseparable from phage and is not dependent on phage propagation in a toxigenic host. The bacterial host function is simply one of supporting phage reproduction. These facts contrast with the main features of Salmonella transduction.
It was previously reported (Groman, 1953a) that converting activity was lost following a series of transfers in broth of phage j3 with C4. It was this observation which suggested that transduction might be involved. However, in a repetition of the experiment, converting ability was retained after an even more extensive series of 15 transfers. In all probability the results reported previously were due to the accumulation of phage B, the virulent mutant. In the present series of transfers special efforts were made to prevent the virulent mutant from becoming established in the culture. Although this experiment is not as critical as the plaque transfer series for testing the transduction hypothesis, it is quite likely that a transducing principle for toxigenicity would have been diluted out during its course. The converting activity of the terminal phage supports the conclusions derived from the plaque transfer experiment.
Reversal of toxigenicity and lysogenicity in C4(B). To provide more decisive evidence concerning the role of phage in conversion, attempts were made to isolate a nontoxigenic or nonlysogenic variant from converted strain C4(,B).
The following observation by Bertani (1953) (f8) and were exposed to a sterile filtrate of phage Bh lost both phage and the ability to produce toxin concomitantly. Since the phage Bh preparations were tested for sterility and were in no instance propagated on C4, introduction of C4 from external sources is ruled out.
The following observations were made during the course of isolating the reverted cells. When the initial, well isolated, phage-resistant colonies were restreaked to heart infusion agar (subculture no. 1), it was noted after 18-24 hours of incubation that many of the plates exhibited colonies of 2 sizes. The majority of the colonies were small at this stage (0.25-0.5 mm diameter), but larger, easily distinguished colonies (1 mm diameter or larger) were seen along the line of streak. Upon continued incubation size distinction tended to disappear, particularly in areas where colonies were well isolated.
In the initial experiment the first reverted clone was isolated from a large colony, and because of technical limitations to the screening procedure, only large colonies were investigated. Subsequently (experiment 3) 35 small colonies representing 20 resistant colonies from the original plate were examined and were found to be uniformly resistant to Bh, toxigenic, and lysogenic when tested against C4 but not against C4(a).
These findings were also confirmed in experiment 5. On the basis of these results the decision to limit the screen for reverted cells to the large colony type appeared valid. Not all large colonies, even those found on the same plate with a reverted clone, contained the same type of cells. In addition to isolating reverted cells from large colonies, i.e., cells apparently identical to C4, clones of C4(a), and a few clones identical in their reaction with the Bh resistant small colony type were also identified. At present it is not possible to decide whether the heterogeneity of the resistant clones is the result of further interaction of phage and bacteria after the initial restreak or a reflection of instability in lysogenic cells infected by a virulent phage.
It is interesting to note that in the 3 experi-ments in which reverted clones were isolated, the infecting virulent phage Bh had been propagated on C4(0), whereas in the other 2 experiments the phage had been propagated on C4 and C7/,B. (Groman, 1953a) , all were toxigenic, indicating that natural reversion, if it occurs, is of a low order of magnitude. Twenty-seven passages of C4(,3) in a broth medium containing M/10 sodium oxalate resulted in no significant reversion as evidenced by the examination of 250 colonies on the differential medium. A calcium requirement for adsorption was demonstrated for , on C4. Other procedures which failed to yield reverted clones included 3 tranfers in heart infusion broth at 40 C, 5 transfers in 1.5 per cent glucose-heart infusion broth, 4 consecutive transfers on Loeffler's medium, and 14 transfers in heart infusion broth containing acriflavine at subinhibitory concentrations. In all cases it would have been possible to detect a minimum of 0.6 per cent reversion to nontoxigenicity. The technique of plating aliquots on the differential medium screened solely for a loss of toxigenicity and not lysogenicity, but in view of the concomitant los of toxigenicity and lysogenicity which was observed, it was felt that this approach was justified.
The phage specificity of toxigenicity converting ability. In the course of screening for lysogenic C. diphtheriae it was discovered that strain 124 described by Freeman (1951) The theory that the ability of a specific phage to lysogenize a bacterial cell is responsible for toxigenicity in strain C4 (0) is consistent with all the available data. The fact that only a single element need be considered makes this hypothesis most attractive. Speculation on the mechanism of phage action in converting to toxigenicity is inevitably based on the location of prophage in the bacterial cell. The work of Bertani (1953) and Appleyard (1953) lends support to the theory of a nuclear site of attachment for prophage. If this formulation is extrapolated to the C. diphtheriae system, the role of phage in conversion can be visualized as the modification by prophage of the activity of a host genetic site, the specific attachment of prophage on or in the vicinity of this site resulting ultimately in the phenotypic expression of toxin production. Alternatively it is conceivable that the genetic effect resides solely within the prophage particle rather than through its influence on the host genome. In either case the theory that phage alone is involved in conversion is not meant to suggest that the final observable change is produced through a single direct action. What specific changes finally result in toxin production may well be the question of the mode of action of a genetic unit in directing cellular activity.
The discovery of the phage specificity of the conversion phenomenon poses a further question. Is the ability of phage,B to convert to toxigenicity a function of the entire prophage unit or is this ability an individual and possibly mutable characteristic? It is clear from work currently underway that the ability to toxigenize is capable of segregating independently from other characteristics of , phage. This preliminary information is consonant with the theory that converting ability is an individual characteristic of the phage particle.
Whether there is a common denominator linking transformation, transduction, and the conversion phenomenon has yet to be determined. The basic compatibility of the transformation and transduction phenomena has already been discussed (Stocker, Zinder, and Lederberg, 1953 ). It appears that the conversion process is independent of any contribution by the donor cell other than the ability to support phage synthesis. This is in contrast to transformation and transduction in which a direct genetic contribution is made by the donor strain. A common denominator may ultimately be found in the chemical nature of the active principles and the basic mechanism by which they alter host cell metabolism.
Finally it is apparent that extension of any proposed concept of phage action would lead to the assignment of a significant role to lysogenization in bacterial variation. The unpredictability of such variations makes proof of such a hypothesis a matter of chance experimental observation. However, the report by Ionesco (1953) indicates that a change in colonial morphology in Bacillus megaterium is directly related to lysogenization.
ACKNOWLEDGMENT$
The author wishes to acknowledge the expert assistance of Miss Ruth Gerstner during this work and the continuing stimulus provided by his associates.
SUMMARY
In a continued study of the role of bacteriophage in the conversion of nontoxigenic Corynebacterium diphtheiae, strain C4, to toxigenicity, 3 significant observations have been recorded. First, converting ability of , phage was shown to be an inherent and inseparable property of every plaque forming particle. Second, the reversion of lysogenic, toxin producing C. diphtheria to the nonlysogenic state resulted in a concomitant loss of toxin producing ability. Third, a new phage capable of lysogenizing strain C4 without converting it to toxigenicity was isolated.
On the basis of the accumulated evidence it is concluded that an active role for specific bacteriophage must be postulated in toxigenicity conversion. Of the hypotheses considered, the simplest is that the conversion of nontoxigenic C. diphtheriae (C4) to toxigenicity is directly related to the lysogenizing ability of B phage.
